Recently, a tumor-autonomous cytochrome P450 (CYP)-3A5-mediated resistance to cancer therapy has been demonstrated in pancreatic ductal adenocarcinoma. Expression of CYP3A5, which is involved in the degradation of irinotecan, has also been reported in colorectal cancer (CRC). The aim of the present study was to analyze CYP3A5 expression in the normal colon, colon adenoma, CRC and normal tissues, as well as to examine whether CYP3A5 expression in CRC has an impact on tumor response to irinotecan treatment. Immunohistochemistry was used to assess 85 tissue samples from 65 patients with CRC, along with 15 samples of normal colon and 45 samples of colon adenoma (including tubular, tubulovillous, and sessile serrated adenomas), and a tissue microarray (TMA) comprised of 26 different normal tissue types. Expression of CYP3A5 was evaluated with a semi-quantitative score. Tumor response to irinotecan therapy was assessed according to the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 guidelines. In normal tissues, CYP3A5 was expressed in epithelial cells of the colon, gallbladder, kidney, liver, small intestine, stomach, thyroid gland and tonsil, as well as in nerves. Expression in colon mucosa was heterogeneous, with only weak staining in the minority of specimens. CYP3A5 exhibited markedly higher expression in adenomas compared with normal colon tissues. A statistically significant inverse correlation was identified between CYP3A5 expression in CRC tissues and tumor response to irinotecan therapy. Irinotecan treatment itself did not alter CYP3A5 expression in CRC tissues. As CYP3A5 is involved in the degradation of irinotecan, the significantly higher intratumoral expression of CYP3A5 in patients with CRC who do not respond to irinotecan-based chemotherapy may indicate a causal role of CYP3A5 in tumor resistance.
Introduction
Cytochrome P450 (CYP) enzymes are involved in the metabolism of the majority of therapeutic drugs (1) . While the majority of CYP enzymes are expressed in the endoplasmic reticulum and inner mitochondrial membrane of liver cells, these enzymes can also be found in extrahepatic tissues (2, 3) contributing to the metabolism of xenobiotic compounds (4) . The tissue-specific expression of CYP enzymes has a major influence on the sensitivity and exposure of a particular organ to a given drug (3) .
The role of CYP enzymes in the metabolism of anticancer agents and the efficacy of cancer therapy has been the subject of investigation for years (5) . Inter-and intraindividual differences in the expression and activity of CYP enzymes have been demonstrated in several tumor tissues (6, 7) .
Recently, Noll et al (8) demonstrated a tumor-autonomous CYP-mediated resistance to therapy with paclitaxel, dasatinib, and erlotinib in pancreatic ductal adenocarcinoma. Further research revealed that CYP3A5 was also expressed in other malignancies including rectal adenocarcinoma and colon adenoma (8) , suggesting that CYP3A5 played a similar role in these malignancies.
With an estimated 1.4 million new cases in 2012, colorectal cancer (CRC) is one of the most commonly diagnosed cancer types (9) . The main goal for localized CRC therapy is surgical resection; however, advanced stages are treated with different chemotherapy protocols using the agents 5-fluorouracil (+/-leucovorin), irinotecan (CPT-11), and oxaliplatin, as well as monoclonal antibodies (10) (11) (12) .
Irinotecan is part of the standard treatment regimen for metastatic CRC (13) and is usually administered as part of a combination therapy, e.g., with 5-fluorouracil/folinic acid (or capecitabine) (FOLFIRI/XELIRI), 5-fluorouracil/folinic acid/oxaliplatin (FOLFOXIRI) and/or with monoclonal antibodies against vascular endothelial growth factor (VEGF; bevacizumab) or epidermal growth factor receptor (EGFR; cetuximab, panitumumab) in selected patients with RAS wild-type CRC (14) . Irinotecan can be administered as part of first-line treatment, but also in all later lines of sequential CRC therapy. First approved in France in 1995, the topoisomerase I inhibitor irinotecan has since been approved in ~80 countries (13) .
Although no deterioration in quality-of-life scores has been reported with chemotherapy including irinotecan (13), administration of irinotecan is often associated with potentially lethal side effects, mainly diarrhea and neutropenia (13, 15) .
Irinotecan acts as a prodrug and is activated by carboxylesterases into 7-ethyl-10-hydroxy-camptothecin (SN-38), which is ~100-to 1,000-fold more toxic and inhibits topoisomerase I, leading to deoxyribonucleic acid (DNA) breaks. The active metabolite SN-38 can be deactivated either by glucuronidation in hepatic and extrahepatic tissues, or by CYP3A4-and CYP3A5-dependent oxidation, forming the inactive metabolites 7-ethyl-10 [4-N-(5-aminopentanoicacid)-1-piperidino] carbonyloxycamptothecin (APC) and 7-ethyl-10 [4-amino-1-piperidino] carbonyloxycamptothecin (NPC). CYP3A induction has been demonstrated to cause decreased formation of SN-38 (15) .
CYP3A5 is the most frequently expressed CYP3A isoform in extrahepatic tissues, suggesting an important role for this isoform in local metabolism (16) . The presence of CYP3A5 has been demonstrated in normal colon (3, 17, 18) , colon adenoma (19) , and CRC (20) . The CYP3A5 * 3 polymorphism, which can lead to reduced enzyme activity, has been associated with significantly longer progression-free survival in patients with metastatic CRC (21) .
The potential of cancer therapy is impaired by difficulties in predicting both tumor response and adverse events (6) . The purpose of the present study was to systematically analyze CYP3A5 protein expression in normal colon, colon adenomas, CRC, and additional normal tissues, and to evaluate whether CYP3A5 expression in CRC tissue determines tumor response to irinotecan therapy.
Materials and methods
Patient material. Tissue samples were stored in the tissue bank of the National Center for Tumor Diseases (NCT; Heidelberg, Germany) and used with the approval of the ethics committee of Heidelberg University (206/2005). All tissues were fixed in formalin and embedded in paraffin.
We examined tissue microarrays (TMAs) comprising normal tissues (Table I) . Duplicate cores were available for each specimen on the TMA. Whole tissue slides of normal colon of 15 patients and colon adenomas of 45 patients (15 tubular adenomas, 15 tubulovillous adenomas, 15 sessile serrated adenomas) were also examined.
In addition to the abovementioned tissues, 85 whole tissue slides of CRC tissues from 65 patients undergoing surgery or biopsy (population P1), were also obtained from the tissue bank of the NCT. Of these tissue samples, 48 were specimens from primary CRC and 37 were specimens from metastases. Regarding treatment exposure, 68 CRC tissues were irinotecan-naïve, while 17 were procured following treatment with irinotecan. The present study was approved by the Ethics Committee of the Medical Faculty of the University of Heidelberg (reference no. 206/2005).
To assess a possible correlation between CYP3A5 expression and tumor response to irinotecan treatment, tissues of a subpopulation of P1 including 61 patients (population P2) for whom clinical data were available were examined. Specimens were obtained before irinotecan treatment in 53 cases (in 40 cases before any kind of chemotherapy), and after irinotecan therapy in 8 cases.
Immunohistochemistry. Immunohistochemistry was performed using the ZytoChem Plus AP Polymer System kit (Zytomed Systems, Berlin, Germany). Tissue sections were deparaffinized and rehydrated. Antigen retrieval was achieved by incubating the specimens in Target Retrieval Solution (0.01 M citrate buffer, PH 6.0) (Dako; Agilent Technologies GmbH, Waldbronn, Germany) at 99˚C for 25 min followed by cooling at room temperature for 15 min. The blocking solution was applied for 5 min. The sections were then incubated with the rabbit monoclonal anti-CYP3A5 antibody (Abcam, Cambridge, UK) at 4˚C overnight. The PostBlock was added to the slides for 20 min. The specimens were then incubated with AP-polymer for 30 min. Liquid Permanent Red (Dako; Agilent Technologies GmbH) was used for staining. After 17 min, the reaction was terminated with distilled water. The slides were washed with phosphate-buffered saline after each incubation, and the tissue was counterstained with hematoxylin.
Scoring.
A semi-quantitative score was used to evaluate the immunohistochemical staining of each specimen by estimating the staining intensity (negative, weak, moderate, strong; Fig. 1 ) and the percentage of stained cells, assigning a score of 0-300. The score was calculated using the equation 1 x (% of cells with weak staining) + 2 x (% of cells with moderate staining) + 3 x (% of cells with strong staining), as previously established and used (22) . Scoring was performed by researchers blinded to therapy response.
Assessment of therapy response. Best overall tumor response was assessed for the first chemotherapy containing irinotecan. Protocols included fluoropyrimidine and oxaliplatin as well as the monoclonal antibodies bevacizumab, cetuximab, and panitumumab.
Tumor response was assessed according to the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 guidelines (23) on the basis of contrast-enhanced computed tomography (CT) scans. Unidimensional measurements of target lesions and qualitative assessment of non-target disease allowed categorization of overall tumor response as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). The best overall response recorded from the beginning until the end of the treatment was used for further analysis.
Statistical analysis. Spearman's rank correlation was used to assess a possible correlation between CYP3A5 expression and tumor response to irinotecan therapy. We used the Wilcoxon signed-rank test to analyze differences between paired specimens and the Kruskal-Wallis test to investigate whether CYP3A5 expression differed among the different categories of tumor response and among certain clinical parameters. The Mann-Whitney U test was used to assess differences in CYP3A5 expression between two groups. Due to the nature of the study as an explorative data analysis no alpha adjustment was performed.
In cases of more than one specimen per patient, a specimen was selected randomly. The final score for each specimen on the TMA was determined as the mean score of the duplicate cores.
All analyses were performed using SPSS for Windows version 24 (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

CYP3A5 expression in normal tissues.
Among the 26 examined normal tissues, adipose tissue, adrenal gland, appendix, endometrium, esophagus, heart muscle, lung epithelial cells, skeletal muscle, myometrium, ovary, exocrine pancreas, prostate, salivary gland, squamous epithelium of the skin, spleen, testis, thymus, and urothelium were CYP3A5-negative.
Colon epithelium, gallbladder epithelium, kidney, liver, epithelium of the small intestine, stomach, thyroid gland, and lymphatic tissue of the tonsil expressed CYP3A5 to different extents (Fig. 2) . All CYP3A5-positive organs demonstrated a heterogeneous distribution of CYP3A5 expression. Examples of CYP3A5-positive staining in normal tissues are shown in CYP3A5 expression in normal colon, colorectal adenoma, and colorectal cancer. Expression of CYP3A5 was heterogeneously distributed in normal colon, colorectal adenoma, and CRC. In principle, expression was higher in apical epithelial cells compared to that in epithelial cells located in the depths of the colonic crypts. The results of the immunohistochemical assessment of CYP3A5 expression in these tissues are shown in Table II .
Medians of CYP3A5 expression in normal colon, sessile serrated adenoma, and tubulovillous adenoma did not differ (median, 0). However, expression of CYP3A5 in tubular adenoma (median, 10) differed significantly from that in normal colon (P=0.04). Expression of CYP3A5 was higher in colorectal adenoma than in normal colon mucosa, with a difference that was close to statistically significant (P= 0.06).
Figs. 4 and 5 provide an overview of the assessment of CYP3A5 expression in normal colon and colorectal adenoma, as well as examples of CYP3A5 staining.
In population P1, originating from 65 patients, CYP3A5 was heterogeneously expressed in CRC tissues (Table II) . Most CYP3A5-positive tissues demonstrated spotty CYP3A5 expression. Individual CYP3A5-positive cells were found in otherwise CYP3A5-negative tissues.
Primary cancer specimens and corresponding metastases from 17 patients were compared. No statistically significant differences in CYP3A5 expression were found. Table IV lists the distribution of CYP3A5-negative and -positive tissues as well as the percentage of responders and non-responders for each chemotherapy protocol. Spearman's rank correlation revealed a statistically significant correlation (P=0.03) between CYP3A5 expression in CRC tissue and tumor response to irinotecan treatment in population P2 (correlation coefficient, 0.276). A statistically significant difference (P= 0.02) in CYP3A5 expression was demonstrated between responders (CR + PR) and non-responders (SD + PD) (Figs. 6 and 7) .
Interestingly, no CYP3A5 was expressed in CRC tissues with complete response to irinotecan therapy. The highest CYP3A5 expression was observed in tumors progressing under treatment.
In CRC tissues, no statistically significant difference was observed in CYP3A5 expression before and after treatment with irinotecan.
Discussion
Owing to the complex regulation of cytochrome enzymes, the quantity of CYP3A5 mRNA does not correlate with the expressed amount of cytochrome enzyme in normal colon and colorectal adenoma tissue (19) . Therefore, we selected immunohistochemistry for detection of CYP3A5 protein expression.
Immunohistochemical assessment of CYP3A5 expression in normal tissues had previously only been performed in stomach and lung tissue. In the present study, we found that more than half of the examined stomach tissues expressed CYP3A5 at low to moderate intensity. In a previous study, This table lists the chemotherapeutic agents and antibodies used in first irinotecan-based chemotherapy as well as the number of patients it was administered to, categorized by CYP3A5 expression and tumor response to irinotecan therapy, respectively. CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; CYP3A5, cytochrome P450 3A5. Figure 7 . Examples of CYP3A5 immunohistochemical staining in colorectal carcinoma. CRC tissue with best response to irinotecan: CR (responder), at magnification (A) x100 and (B) x400. PD (non-responder), at magnification (C) x100 and (D) x400. CYP3A5, cytochrome P450 3A5. CR, complete response; PD, progressive disease; CRC, colorectal cancer.
Kolars et al (24) were not able to demonstrate CYP3A5 expression through immunohistochemical examination of the stomach tissue of only one patient. In lung tissue, immunohistochemistry-based studies found CYP3A5 to be the predominant CYP3A enzyme (25, 26) , while all of our lung specimens were CYP3A5-negative. These conflicting results might result from methodological differences in immunohistochemistry and the use of different antibodies.
In the present study, we observed the highest expression of CYP3A5 in the small intestine, gallbladder, and stomach. CYP3A5 was also expressed to a small extent in the liver, kidney, and thyroid gland. CYP3A5 expression data in the small intestine (27) , liver (28) (29) (30) , kidney (31, 32) , and thyroid gland (29, 30) is so far limited to CYP3A5 mRNA analyses and/or CYP3A5 protein immunoblots.
In accordance with the existing data (24), we observed no CYP3A5 expression in the pancreas. While we could not demonstrate CYP3A5 expression in the adrenal gland, endometrium, esophagus, heart, muscle, myometrium, ovary, prostate, salivary gland, skin, spleen, testis, thymus, or urothelium of the urinary bladder, expression of CYP3A5 mRNA has been described in these sites (30, 33, 34) . Expression of CYP3A5 in the gallbladder, tonsil, neurons, adipose tissue, and appendix was examined for the first time in the present study.
CYP3A5 expression in normal colon has been investigated with a variety of different methods in the past (17, 18, 27, (35) (36) (37) . Consistent with the results of the present study, Kumarakulasingham et al (20) observed weak CYP3A5-positive staining in 25% of the examined colonic tissues using immunohistochemistry.
CYP enzymes can be involved in the activation of procarcinogens (38) . Therefore, it could be hypothesized that CYP3A5 accumulation in adenomas reflects the dysplastic character of these lesions and facilitates the transition to malignant tumors. Indeed, CYP3A5 expression in colorectal adenoma was higher than that in normal colon, although this difference did not reach statistical significance, possibly owing to the small number of specimens in our analysis.
In contrast to the findings of the present study, Bergheim et al (19) reported 54% lower expression of CYP3A5 in adenoma tissue and the surrounding normal colon tissue compared to the expression in patients without adenomas. Furthermore, CYP3A5 expression did not differ between adenoma and surrounding normal colon tissue (19) . As colon adenomas and normal colon tissue showed a patchy distribution of CYP3A5 expression, quantification of CYP3A5 expression by western blot analysis of lysates from the whole specimens, as performed by Bergheim et al (19) , might miss high expression of the enzyme when restricted to small tissue patches.
The risk of invasive carcinoma in colorectal adenomas depends on the type of adenoma (39, 40) . However, these different risks were not reflected by different CYP3A5 expression levels in our study. The present study is the first to compare CYP3A5 expression in different adenoma subtypes. However, we did not find any obvious trends, suggesting that differences in expression might instead by caused by inter-individual differences.
Using immunohistochemistry, Kumarakulasingham et al (20) reported CYP3A5 expression in ~65% of the CRC tissues, with most specimens demonstrating low, and <5% showing high, CYP3A5 expression. In an immunohistochemical analysis performed by Noll et al (8) , weak CYP3A5 expression was found in 3 out of 8 specimens of adenocarcinoma of the rectum.
In the current study, the percentage of CYP3A5-negative CRC tissues was greater than that previously reported, possibly owing to our decision to consider specimens CYP3A5-positive only when expression was observed in at least 10% of the tissue.
While we found expression of CYP3A5 to be the same in primary cancer and metastasis, Kumarakulasingham et al (20) reported that expression in primary cancer did not correspond to that in the respective lymph node metastases. These conflicting observations could be caused by the small, possibly not representative, specimens on the TMAs used by Kumarakulasingham et al (20) .
Non-responders to irinotecan expressed significantly more CYP3A5 than responders. Therefore, a tumor-autonomous CYP3A5-mediated resistance to irinotecan therapy is possible. However, tumor samples in each response category contained CYP3A5-negative tissues, suggesting that tumor response to irinotecan therapy does not solely depend on CYP3A5 expression. Further studies are required to validate a higher metabolism of irinotecan in tumor tissue of non-responders to irinotecan therapy.
We were unable to observe an induced CYP3A5 expression in CRC tissue as a response to irinotecan treatment resulting in a secondary resistance in the clinical setting of our study.
Although similar in histology, colorectal cancer is a heterogeneous disease owing to molecular differences (11) . The identification of biomarkers and mutation analyses are becoming increasingly important for prediction of outcome and therapy selection.
In the present study, we demonstrated for the first time a statistically significant correlation between CYP3A5 expression and tumor response to irinotecan therapy, suggesting a tumor-autonomous resistance to treatment with irinotecan through increased CYP3A5-mediated metabolism.
MMG and EH provided the tissue samples and performed the pathological analysis of the examined tissues. CG obtained the clinical data of patients treated at the NCT Heidelberg. TFW and EB performed the assessment of the radiological tumor response to treatment. TB and EB performed the statistical analysis. RK was responsible for the planning and supervision of the project, as well as the interpretation of the results. All authors read and approved the final manuscript.
Ethics approval and consent to participate
Due to the retrospective nature of the present study and the use of archive material, written informed consent from patients was not required. The study, including the use of tissues as well as patient data, was approved by the Ethics Committee of the Medical Faculty of the University of Heidelberg (reference no. 206/2005; Heidelberg, Germany).
Patient consent for publication
Not applicable.
